Cu-Al alloy and Mo coatings were deposited on a low carbon steel substrate using an atmospheric plasma spray machine. Pure PTFE and PTFE metal powder composites were deposited on the metallic coatings. Studied and compared are PTFE-metal coatings and PTFE compositesmetal coatings filled with different metal powders with the proportion of 10% (mass). Mass loss and coefficient of friction were measured under dry reciprocating sliding tests. The worn surfaces of samples were observed by microscopy. The influence of additives on the wear resistance was assessed.
Introduction
Friction, wear and adhesion play an important role in determining the performances of industrial devices. 1) At present a great interest is being paid to functional and structural coatings providing low friction and excellent wear resistance. In particular, in the field of dry lubricants, PTFEbased materials are notable for their characteristics such as very low friction coefficient and good resistance to heat and corrosion in different application environments.
2) Unfortunately, pure PTFE is not performing satisfactory in wear resistance and needs to be modified.
The use of fillers and additives in PTFE is the most common way to improve its tribological and mechanical properties. The influence of fillers on the tribological behaviour of the composites cannot be predicted and has to be tested experimentally. [3] [4] [5] [6] [7] [8] Friedrich 3) reviewed the recent advance in tribological properties of PTFE-based materials. The friction of rare-earth modified glass-fiber filled PTFE composites was studied under dry sliding conditions. 4) Lu et al. 5) reported that the PTFE filled with alumina and polyphenylene sulfide had superior wear resistance. Khedkar 6) compared the tribological behaviors of PTFE and PTFE composites with filler materials such as carbon, graphite, glass fibers, MoS 2 , and PPDT fibers. The results indicated that composites with higher heat absorption capacity exhibited improved wear resistance. Some researchers tested the wear properties of PTFE filled with organics. Wang et al. 7) and Han et al. 8) investigated the friction and wear of PTFE-PEEK mixtures over a wide composition range under a number of testing conditions and found that mixtures of two kinds of organics showed improved wear properties. The wear resistance of PTFE-based material was improved, however, long duration testing was not satisfactory because of the poor bonding strength between the PTFE and the fillers.
To resolve this problem, efforts have been made to improve the tribological properties of PTFE by means of surface modification and other treatments. [9] [10] [11] The wear behavior proved to be related to the change in crystallinity and hardness after the PTFE composites were cryo-treated.
9)
Liu 10) deposited aluminum oxide coatings on to the PTFE substrates using the reactive sputtering technique. Copper and carbon ions were implanted into PTFE by plasma immersion ion implantation. 11) In this work, to produce enhanced wear resistance and also low friction coefficient, specimens were prepared using the two different methods. The samples consist of a wear resistant metal coating, which was applied on the steel substrate by an atmospheric plasma spray process. A secondary depositing PTFE-based layer, filled with two kinds of metallic powders was formed on the sprayed coatings successively to create a low coefficient of friction.
Experimental Details
Two coating materials which were Mo (99.74%Mo-0.03%O) and Cu-Al alloy (89.34%Cu-9.66%Al-0.81%Fe-0.19%total all others) were employed in this study. They are expressed as Mo and Cu-Al respectively in the text, figures and table. The powder size of Mo was 4590 mm and that of Cu-Al was 45125 mm. A two layer coating consisted of one metal was deposited on the low carbon steel substrate using atmospheric plasma spray by changing the spray distances. A 100 mm thick dense coating was deposited onto the substrate employing 100 mm spray distance, after that another 100 mm thick porous coating was deposited with spray distance of 200 mm. The top layer is either a pure PTFE or PTFE-metal composites, which consist of PTFE and metal powders prepared by ratio of 9:1 (mass). Next the mixtures were deposited onto the coating and pressed by roller before the samples were dried using a heat treatment at 380 C. The schematic structure of the sample is shown in Fig. 1 . It is possible to increase adhesive strength between metallic coatings and PTFE by this process. The process of sample making is displayed in Fig. 2 . The compositions of coatings and sample codes are shown in Table 1 .
A commonly used block-on-plate type wear testing machine was used and the tests were performed at room temperature in reciprocating sliding action under static load of 10 N. A schematic illustration of the testing apparatus is shown in Fig. 3 . The samples were fixed to the testing table. The counter surface was made of chromium electro-plated steel block. The test sample was moved with the table in reciprocating motion at a constant speed of 40 mm/s. After the sliding distance of 2000 m, the specimens were cleaned and weighed, and then a mass loss was recorded with accuracy of 0.1 mg. At regular 2000 m intervals, the friction coefficient was calculated and recorded by the computer connected to the sliding test equipment. At the same time the morphology of the worn surfaces and cross sections of the samples were inspected by a microscope.
Results and Discussion

Comparison of mass loss
The mass losses were compared as shown in Fig. 4 and Fig. 5 . In Fig. 4 it can be easily seen that wear of PTFE-metal coatings, i.e. PTFE-(Cu-Al) or PTFE-Mo samples, increased steadily at almost a constant rate. However, The PTFE-(CuAl) coating performed a little better than that of PTFE-Mo which was in agreement with the results achieved in earlier tests, although the earlier tests concern pure rolling contacts.
12) It was supposed that the Cu-Al particles had a strong adhesion to the transfer film derived from the PTFE during contact due to the formation of iron fluoride. Comparing the results of different compositions shown in Fig. 5 , the wear of PTFE composites-metal coatings, expressed as a mass loss, increased highly in the initial stages. After that, the curves are relatively flat which is not observed for PTFE-metal samples. Improved wear resistance was achieved through addition of metal fillers. Although most of the samples show a steady wear performance over longer sliding distances, the optimum result can be seen in the sample named (PTFE-Mo)-(Cu-Al) which is a composite of PTFE and Mo while the coating metal is Cu-Al. This effect was probably a result of synergism between PTFE composites filled with Mo and Cu-Al coating deposited by atmospheric plasma spraying. The top layer can support the load at the first contact with the counter surface because molybdenum is very hard. In addition, it had been proved that the Cu-Al particles could help to create a stronger transfer film than the molybdenum as was concluded before. Strength of attachment of the transfer film was the key factor of dry contact. Figures 6(a) , (b), (c) and (d) show the optical photomicrographs of the cross sections of PTFE-(Cu-Al) and PTFE-Mo taken before and after the sliding test. The adhesion of the coating was good so that all 'valleys' were filled with PTFE while the surface asperities were also well covered. During the 'running-in' period, excess PTFE was removed and the surface was homogenized. It can be seen that the porous structure of the second layer of coating was compacted after the sliding process. The metal coatings support the main load and provide wear resistance and compressive strength, whereas the PTFE was constantly released out of the 'valley' to form a transfer film on counterpart resulting in a low friction coefficient. 
Morphology of cross section and worn surface
Analysis of coefficient of friction
Coefficient of friction for both the PTFE-metal coatings and the PTFE composites-metal coatings was almost constant at the value of 0.1 during the whole sliding distance. A typical example of measured friction coefficient is shown in Fig. 8 . In this figure, the friction coefficient of one reciprocating motion of the sample is shown. Therefore, the friction coefficient changes to plus to minus. No difference in friction coefficient between pure PTFE and PTFE-metal powder composite coatings can be seen. This is due to the formation of transfer film of PTFE on the surfaces of metallic powder but also on the surface of counter material and these transfer films act as dry lubricant. The PTFE composite coatings were found to produce the friction coefficient similar to that of pure PTFE.
Conclusion
(1) As expected, the fillers of metal powder in the polymer can hold the PTFE to form a transfer film and the load was supported mainly by the metal coating. Wear resistance can be significantly increased in this way. 
